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wien pamaits deterninetion of reactions my neasnranonts of deflections 
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TABLES OF SYMBOLS 
‘xtrenit: of pipe or model opposite thse extremity at the 
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Translation in inches ir y" direction of point P. 
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“edulusa of elasticity in pounds por square inch. 

“ore in peunds actine on structure; sae Table of Subscripts. 
Rosultant force in pounds actin: on structure. 

Shear feree in pounds at A in y’ direction. 

Shear force in pounds at A in 2! direction. 

Moment in pound-inches at A sbous x! axis. 

Moment in poundeinches at A about y' axis. 

Moment in poundeinches at A about zg! axis. 

2(1¢ )r2 in inches? 

“wodulus of elasticity in snear in pounds per square inch. 


fonent o* inertia of sross seotion with rospect to neutral 
axis ir incnas™, 


Polar mament of inertia in inches’. 
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“ean raniugs of pipe or tube in inenes. 

Mean radius of a coil of a sprinne in inchese 
Inside radius of pipe or tube in inoct.es. 
Outside radius of a pipe or tube in inchoSe 


Radius of bend in inohes. 
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fornal stress in pounds per square inch. 
Shear stress in pounds per square inch. 
“all thistnesa in inches. 


X,77, ard g ooordinates of Ae 

Coordinetes vith orisin at anchor wits directiona same as 
x", vy" ani 2" respectively. See Fix. 4. 

Coordinates of a seneral point taken witn respect to ocrivin 
at O ag etated in orisinal problem. See Fit. 4. 


Coordinates with orisin at P. See Fite 4. 


See Appendix II, 


Anvle of inclination in radians of any coil of a spring 
with a oiroular gestion of the cylinder on which the 
coil lies. 


izidity in pounds-inohnes”. 


»? 


Flexural 3: 


Ancle between a radius line of a orossesection and the 
norigontal, meesurel sounter=olockwise in radians. 
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Deflsation due to shear in inches. 


Ratio of deformations applied in model to prototype 
deformation, dimensionless. 


Slope of shoar deflection curve in radians. 
Poisson's retio, dimensionless. 


Coor linates of a reflected coint of lipnt on cross section 
paper for rotation measurement, such that eo - E10 a “his 

and 0,~ 0, indicate angular displacements about " ¥ » ond 
=" respectively in millimeters. 


Torsional risidity in pounde~inchese 
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Refers t point A. 
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reductio: in the moment of incrtia. For dentin: muomerss in the plane ef i 


the bend Gie ator axis of the allipse is normal te the olene of the bend, 
end for oubseo"=pleano bendin- it ig inslined at some cther anflie. The 
resultant decrease in risitity is the same, however, rezardless of whether 
the bendin> is in- or out-of-plane. The arfect appears to be independent 
of internal pressure, but is considerabl: modified by the presence of 


| anv flences or stiffening rinja[ 1] . 
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Ze Purpose of this ‘ork 


In sis tests “ane vaed nodels oonstructad of solid rod and chose 


ha 
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to nevtlont ben. floxahilig- Cactors orto aralyves s-asems where the 
factors wore aiity. Mie nurpose of tho wor described herein was to ex- 
tond his metro. te include these effects. Thus «a ciaser axeamination of 
band rlexinility is in ordoare 

Various expressions for bend flexibil’t. facters k have been pro- 
posed, but A. Rk. CO. ark] ea sugcests trat the rollowin- simplified 


form is entirely adeqinte for most purposes: 


Net» eclnemetinrents » Wiere: (1) 


ris tho mean radius of the undeformed pipe, 

% is the wall thickness, and 

KR is the radius of tho bends 

This formula is ‘neorporated in the code for oressure pipines ASA 
153iel = 190, 


1 
In stratcht pipe tie ratio of torsional to Cloxural rizidity is — »., 

si 
Te 
lepr ° 


problem here, tian, was to devise some means of reduoin> the flexural 


wherejA ls Poissoi's ratios. In bends this ratio becanes’ The 
rividity from BI to EI/k in the bends of a model while keepin the tor- 
Bional rividit’ constant throus:out the modlel. At the seme time it was 
desired that the method used be in kaepin= with the basic simplicity of 
Rauch's apparatus. Various ideas were considered before the one used 
was finally adopted. Thought was tiven to some scheme for merely modify- 
ins the cross=section of the bends in a solid rod model, but this would 


nots work hecause a solid circular orossesection provides the maximun 


La | 


retic of torsiogal to Plaxvral ri-idit>, and omy chente in tho shape of 


Syne section serves So dauraase rather “ie to frinrease Sho ratio. Tow 


fm 


aver, 15 should be noiead in wassins ten Yar gin loeeplane omfisurations, 
Weere Sc tersiot is iavolved, one sia i! he alle ts croeduea iscreased 
Plaxibilit;y in Penis moral; by raducin® 516 werent ¢f inarftia of the road 
by ths taciar hk. 

Another ilea considera? was based or om art icia ov ds De Jonrad [3] 
in which be ‘en:ribed a ihathond oP increagin: cand Tlexicilisy;y vy using 
rairiy tiaisiewalled tubin- for nedele and ecutcin- siets in the bends, 


oe. 


Correcpoenionce with Wre Conral, ioweover, reveaie! Gist ne had no analyti= 
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Sal weatood of peaegejoriinin’ Gne slat depth or cistrioution, hut tnat, 


' 1 . f , 
lastead, a "out esd try” approach war used. Suc 


i u prooedure did net 
apreal to tha present investicator, 

It was next thoucht that nerhape a oo1l sprins micht be inserted in 
tha place of the rod in the bends. However, an analyeis (Appendix III) 
haged on Jar lts [6] and Presoott's <7] sprins equations showed that the 
meximum “lexi>ility factor that could be sinulated in this way would be 
1,50; it was degided that this save a ranzte too restricted for the 
present investiration. 

Considerstiou was also civen to the nossibilit+. of conatruotins a 
model alonz to Jinss of a sinmplifiei anal;tiaal ma%t!.od proposed by 
Mark1 (5) , but it developed that of the three simplifyine assumptions 
necassar’s to his methot only ono covld be incorporated in a red model. 

Cerreapenierae from Lale ©, Androewa, fornerly in charge of the Mo 
VY, Kellocg Conrany tastint laborator-, stnutes that he has invented a 
devices vor siytlatin« bend flexibility out is loathe to divulze any 


details at the sresernt time. 





S vorpactisal and simple approauh: So the aimulation of flexibility 
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factors of nudwrate veives aypgarad ta tie in fis use of tubins Por madels, 
and honweforward etoergicn wags restricted te rmolliems involvinz suoh 


moderate velties, Litersture on Gliese sudcect of mnudaletastin«-: and corre- 


wm 


sponience witr other investisators inlicated tha, tubins with sufficiently 
amal) wall t ic’'mess Tor the purpossa wes not readil> availaole, but this 
turned och ao he not gbrictly true, 48 will he seen Ister, tho difftculty 


lay not in sitaiair.; satistactory tubins wah in bendin. it. Let us see 


a 


wie would “Se roqiired in a tube. Forces and mmminis at the ends of the 


fae 


wndol are Go .e@ calculated by teasurin~ defernations at sane point in the 


ssraichs seoiior 2b ane em! and usin: cror.tjilever bean formulae. scale 


factor: cea eg anil moments calculated in the -odel to those in 
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A, yp 


(2) 


~ 


- 
a - 
<a 
» 


< 
a} 
rr 


“po Sp Ip Am AS, — Sp Ap (3) 
whe E ty fn p d2, Fm AS 
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An 


e nead only b: larce ensach so that an adeqint= cantilever length, L, 
P 

ho nrovided fo. messurorernt of deflections and small enoucsh s0 that the 
model will Sit within the existin-: framework of the apparatuse These 
were the onl: linitations cased wiern rod was use? for a medel, rut che 
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af 


ins macas s rustier deman? thed the seale uot produce model 


THis 


vend revit smaller than tile practicel limit for the tube sizee finaliz 
introduction of tne roquiroment thet the bent flexibility factors of 


nodel anc mretotyne o. tas same soiil furtier restricts tno choice or 


A> 
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x as Dollowss 
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Thus it com be seen thes the linen en! cress=secional estles are inter 


fependems. Whetoor or mot they can be aqual to each wher denends on the 


erototyvce dimensions and the dicansione of availahle tubing. “owever, 
ethar thar for the estietic yaluy thera ts nv vartio lar reason to nalte 


them tha saw. 








Se Apparatus 


As mentioned previousl’, Raush's apparatus, which is carefully de- 
scribed in tis tesla [s\ » Was veed for the tasts ocndunted bir the 
present investizatore. Only a few nodifiecations were Sound necessary to 
adapt if to the use of tubine instead of rod, The face plate of the 
millin, head was removed, and in its tlace was installod an adaptor 
manufactured for the purpose. (Tis. 1). Two identizel end-plates (Fis. 1) 
were mavicactured te accept tho onda of toe tulin:. ‘Toba tras these 
plates covli be used for my sizes tubin: rarely Sy Loring the central 
hole to tha vropar dianeter, A new anchor plete wes :enufactured, a8 was 
a airroreiourtine barrel of tha proper sige. (fit. 2). Tinally larzer 


beeelite lnifa edce supports were cut out and installed. 


—4 


4, Selesotion of Scale 

This is necessarily a trinleanderror process. The problem selected 
for tast is s:own in fir. +. First it was dsoided that a mininum cantieg 
lever len-th, L, (between tee anchor and the point of measurement, P) of 
6itnt inoheas would te accopta le. ith end sestiona of aroiund 120 inohes 
shis meant araxinum tentth acalse of about li:l. Inserting this value, 
tosatier with the tiven dinengsions of tie piva, ints equation (4) mave a 

{9 
valous of 44.6 for (2). oxeamination of the catalers of several manu-= 
Tacturero o° tubine indicated that the enallisst tubins with approximately 
2 
tis valtun of ae had an outside diameter of 1.25 inohes and a wall 
* 1 a] i } . * c] 6 i vl a T 4 ial Ci 

Ghiokness of .02% inch, for which ? ig S022. Usine 6562 in the same 


equation, but tois Sime solving for be rave « scale of 9.498, which 
mi 


was entirely satisfactory, 
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He Prevaration of the Model 

As mentioned previously, otmer investicators have remarked that suite 
able tlin=wall tubin- was not readily availabia. In tie present investi-a- 
tion it was Pomd that suitable tubins was available -- although a smalier 
dismeter would have bean more desirable -=- but that tho real diffioulty 
lay in bendins the tubs into the required form for the model. From the 
beginnin: iS was realized that bendinr without crimping would not be easy, 
and tc allow for initial rallures enoush vellow brass tubing was orderod 
to make four models. rhis material was chosen for its ease of bondins. 
(As described in paracraph 6, however, tnis material proved to have ine 
adeqiate yield strongth in the softened condition.) As it turned out, 
all the material was actually used. To support the tube during the bende- 
ing operations it was filled with a lowemelting alloy, "fusible Alloy 
No. 1538," a product of the American Smeltins end Refining Company. It 
wasp thousht that, snus supported, the tube could be bent with a rem type 
bender losally available. However, this sroved far from true, for on 
Slmost the first touch of the rem the tube orinped. Eventually the three 
remainin= len-tha of tubine were taken to the San “rancisoco Naval Shipyard. 
The tubin,; was fleame-annealed, and aftor two unsuccessful attempts one 
satisfact ry model was obtained from a lars compression=bendine machine 
and ball-head mandrel but without the use of any filler. In addition to 
the unavoidatle thinnins cf the walle on the outsides of the bonds the 
resuitin: ::odel actually hed the followin: defocta: 

The vortior between the two bends was distorted for about four 

inches as shown roughly in Fig. 5. 

Instead of being exactly 90 degrees, one bend was 89 degrees 


and the other, 86 defrees. 
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Onee thy tule was Sonh, bie micrcreieusin- barrel was slipped over 


one erd ami Sie two endevlates alivur-poidere?) in olacee 





6. Prooadire 
(a) Preparation of the Apparatus 

no anlition to esiapls roarrancearient of the varlous canponents 
of Rauch'!s snparatus, iG was Pound necessary; to raise the compound feed 
devioe nine inchag te socormodate she mcdel to be used, This was scccom- 
plished Wy songstructine a sturdy, table-like foundation and weldins it 
in pinee on top of the existin- formdation, (ic. 3). The oompound 
feed wae tien eli-ned and bolted in place. 

The asaemblies were roughly alirmmed and clamped in place. To 
adjust tno deformation assemLly rolative to the anchor point in such a 
wav that exsotly the richt X, Y, and Z dimensions wore provided, the two 
ernd-plates were ‘emoorarily installed (subsequently to be removed and 
silver=soldered te tic tube as degoribed in paracranh 5). An eight-inoh 
lenczth of onesaichth inoh dismeater steel rod, threaded at one end and 
havine a Siiin slot in the othsr end, was sorewed into the hole provided 
for it in the conter of the end-plata mounted on the anchor plate. A 
small, precision olumh tob was suspended from tne end of the rod, 
supported Ly tha frictiom of its thread in the slot. ‘Yhen adjusted sce 
that it just towhed the floor, the point of contact was marked and the 
heicht mesascrod. “od an! bob wara then removed and installed in tho 
other end-viats (amused on tle dufirmetion assembly), whieh could then 
be nesitioned to 16s corrset eicht. To se :leve ths correot horizontal 
position, tie deforrauion assomhbiy was novel imtil the plumd bob toughed 
&@ voint marcad on the flocr by measiwaments from the point praviously 


mm aL 


Tiss ‘zed for t.e anchore 
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(n) Inetall:tion of she Medel 


“pom preseedins to bolt tia reigl in ulacse by means cf ite end= 


S| 


nlatos, it was found that the holes in the endeplate at the anchor end 
Aid nob quite line up with tho holes in the ancher plate, The end-plate 
WAG, Dierslore, renioved, tre end=eplate bolted in place, and then the tubs 
was g7fir silveresolderad to its 1lste. 

Durins the subsequent initial testin: of tie deformation assenbly 
iS was noticed thas both enda of thie tube had iecome badly crimped next to 
the supports <= t6 gush an extent that any results would probably be in= 
validate]. Rather tian to construct a whole new nodel, it was decided 
sinpl, to aut of f the deformed parts (about three-qiarters of an insh), 
reinstall] G.e .odel, and make the neosrsary slicht c.senres in the initial 
preble; dimensions. This was done without removine olther end=plete from 
o.8 anparabisbe 

-hree seus of readin -s wer? then taken for each of the three 
defarnasioms ratios (9.25, 0.50, 9.75). Sinee is was now known that the 
endeplnatea were not installed accurately enou dy: to pernit sinple reversal 
of tlhe tute withoit mtting it under oonsiderale initial stress, the 


modal was to be renoved from its end=plates (bi maltings the solder), re~ 


versed, and reesclderead. Unfortunately darins this process a hole was 


vurne i Garoush the tube ab one end, This remiired auttins off the 


danced eertien (abouts onee calf deed) and nakin: another (final) alters- 
ral rF Initial problem dimersitozs. ‘the rezsuitin:’ dimensions are 


WOES BOs Li. *+ ice “te 
fo) “Meaaurerent of Deflections 
La montioued earlier, Cavoh's evavem wan 1307 for measuring 
ios: transletion ent rot-«Sien. “Tith sie cantilever lLen-eth, L, of 10.25 
ingieg stoaen, rondic.-s were bein: tated *ust shorts >of the berinninz of 


£2 








the band sloseet toe tho ancnor 1.3 


Ss 


| ed =~ 9 . Ad - ’ es 2 a i ‘ 5 = . unt ’ a . ‘ 
te LO» Vre+ ‘3 Arves  Gbis ‘ts =e 3 OFGAY 50 fey Sei ocak 5ns at - ACU AM. Vari agile of 
this vetio wicrs ‘Save of the resulie when. @ bubine model was usede call 


+t +077, al Neg e* aen est = sv) WG & westigst tno . 7? to So ores ‘4 bd ax 7; = eee mye) ‘ag aAIy cs 
B48 Ue" +2 ees $3 , pe - o ew!) 6 ie te at ce Beal YO. as , nN 5 e& oie Ve bg. ae 3) rE I Fd i 2. © snes rh 
- - 


2 


or 7*"; gM. bu, afd & t aw The saa deformajlons were applied 
in Riu oOnitivu cirestioen anl the seme raadin-f Saven.e This seqioncs wae 
follewnd aS leas: trae tines Tor oes: dofarnathicn ratio. Firat result 
were not enmanracin-:; roatines ottainoad with tae seme derornetions wero 
rot repetitiva, fut as the preeacdurs cv shivtizc fren nesative to posi- 


tive deformations was reposted acain aad acain oorrelavicr improved 


Be 


larkedly umtil finally it was demgiod saticcretory., To i6 believed oy the 


weiter thet tae baprovessns was the rosult ef workins mm cbresses looted 


in the tude yy the heat appliod at its ends curin= seclterinze 


ino aefaruabions scvie seared wers sulrioient te laad to 2alL 


ay, “~) 


Soe Tirn atin: Paros “gs iG oh bale Sne detoraasions neoag= 


= a ' ad . ¥ ° - 1 = ye ar wes ‘ *. o . 4. -—* . ™ : “ 
gars, bo @aleuluse G.is Terese ait fo sxesk the a wee PGRG TAOS Solve Hoe 


-* - = bi >t | e - ' 4 - Te we le yee _ « a . ae ~ 
was Peyersed ar! anesher sos oo. randincs tdrer usan: the same defnrrnasien 


rit 208s 


eared painta a: Seehrique arn cone: tered worthy of mention. 


Firss, te Gie nonsurstent of tranglation it was found oeasential toa hack 


~ 3-2: Vee 4 = ie = - ee > > ~~ \, 3 - ” . cad 2 3 ar 
afr ome knife ode a seat, exact annint oafore taxin>s a reading with ths 


iis trocetlure cnsuras “ual all readin “g are takan 
at the smma point or esac '‘mife ecdre and ramoves the effects of any mise 
alimnnont of the edruge 

A seoone voila is thas in movin: the translation-mcasurins 


Gerice sreat care most be taken not to drives the imite ersten hard a-ainst 


im 
p4 


ay “aren dc’ormation rebiog were used <-- 


1h Arka: 28P, .mlit a rotmedel, the hearier tiuhe 


eall pot ore wea. $l alicmeapt of tye KBLSe adea will pe chanted 


ae 
4 
« 

45 
. 


yen 52 ror wwe deg oogebbi lite: of correintvon wf sulbaequent readin:e 


WG. BPOTLIGH Slot. 
a ee 8 6. _ Pn ae = - - : * . m4 = 
(Ey arent “ad nosanivin ih mearavin roetesions to record 
. Re AS 2 of. Pa | A LL . a E rae) ey 78 rag) ' vat * ? spas “3 . s x ie . 
GO Brink Of chien a tae retleeted tainte of Lien withoul reeorting 


wO Sariiws: whieh @ nenmei! teeta isdtiel end final sositions ag Rauch did, 
, ‘ ers ‘77 - <= —" ° 1p" “7% rr, > =" +. eles ‘Ne ‘ 5 ed ‘ ms ie tad ri 
Le “Pros “ad wore socd ante ge Ss1ah & winks of Livtht were still 


- an “Raniae + - y * fn >, 5 te ayst- r - se ” 3.5/9 - 4 } = +4 4 7 ss “~ 
Thaible umdes a din axberior Litht, and tiie thiade positions aould be 


-@ r ™ 3 ~ - - > »* " j = - : La t. = 2 ¢ ° mi pe 
road aul 79 let divectiyve is is fult toat suv> «© prosedure leads to 


. Site & vit alum: eh an sate Sed ox we 3 : oe a ee ae ee eee a, a 
Aa ANterkey IN tris GMiELAS NARS ee RE Cogs PEryins Be : ark She 


OLN G rable: larigiotn 

Yolleyin, Sast. with the tune cotel, saother sodel of the nane 
eviohyroy war cougircaged, tris ene of onmecichth insh dianeter steel rod 
Sis" Sos Gas iene eenle ard the sate Lb ac wes wsed Wasi tho thbo. 


sfPher Sle stichh venrvancenenth of the vain instrument assembly necessary 


So nctormodate hic sodel, it was installed and a test made with a deforns- 
Giom rativ of omit. The purposes of this tesh were twotold: to demonstrate 
ilyactly the (i°ferognes in indicated roactlons cacse! by the flexibility 

Y 3 


factor and te check on the investicator's tocknique (sinee the approximate 


4 


Cecree of accvrasy svtainable with this type of model wes known from 


KRaush's worl). 
(i) Anelrbical Caleulations 


K somplete solusion to tne twa oroblema -- k = 1 for the rod 


aad 3: = 5,557 for tana tube -= was obtained by Professor John %e Brock, 


_ 
rn 
ue 
tee 

% 
. 


118 masrix metiiod ‘3 and “| on a divital computer. In both in-=- 
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= 


siarons tha solutions aeiieral wore fo~ scint 0, and rosotions at point 


= 


ween Cound “y gintioge 





7. Solrtions 

Tus defleotions for wll runs for each deformation ratio were averez-ede 
Rotatiors war? corrected using Rauch's calibratior. curves for the optical 
systomse ‘tallo 1 lists eqiations then used to solve for reactionse The 
equations for the rod were takon dircetly from Raush's thesis. Those for 
the ture are also *aood on auon's, ‘ut deosuse deflaction due to shear 
was a factor to bo considered with tha tube, the equations were modified 
as snowne. Appendix I gives the mevnaol of arrivin. at these modifications. 


’ 


Caloulations of tho verious multinl ‘in; Casters ars shown in Table 2. 


’ 


Table 3 eeormtines a sirunarv of doef'ilechiongs observes? om culoulations of 
reactbione for tis two medals dis both the normal and reversed noaitior:ae 


11 rod respectivel:’. 


-Aavles € and > summarize rest 
Valuea of °., aro averaztes of tiogae citained in the normal and the reversed 
eositicns., “se ta le iraludes the carraspending valuos of all reactions 
ag cotoaived : Professor orosk's divtital computer solution. Using the 


commits? valueg ag serreet, per cont errors for all exnerinental values 


have baean ccoanitad and listed in tre twn tables. 


1h 


sen res & gerueal of Table i-that eceupac of the re= 
tmaparabioc to those cbtinimed ay Rauch 


the tara gualler forces, 


fores, Fa, is 


ain 


er. FT Ape 


=| _ ant, : eae 


he Fie 


(i 
we 


Te A 


feeyey Pea: eri i Trane? org orr ist sf Se 





2 me Gnuall site, wheresce tne forses indiencsed in fatie & are all tes 
tare. 
IG ke ieltevet, rather, thas t's: in gauges a thee latrre orrors 
ja” tm norgnsi= + tune “ood ite etapbie 21:36. ih will “4. weenliod 
| Gia si bvrrtesc (aderp. was uae to eaamire une Sie thideprlato: £o tho Sade | 
| 
| Si Gin T.te  rosers, wile: requires BRriparyaire of LOOO°P?, wag ree 
PAT) Gated Bias SB Tite gectoaratiwe “hin: the fubeo darian: soidsre 
ii’ degransed rapialy wit tiasanse Pret 4 wit of Aonller {ion of 
She (uh, Sa Sube was gucjees to Variowe de “reas of texperins ie old 
Aliso Gish o% uad -een “laus-ernealad before bendinse The yield point 
cor ‘ollow Grass is approximately 11,900 »si ai} the softened 
| euditisn as asainst o7,000 pei in tho -erdened conaision, An investipza= 
ion (Appendix II) was made of the stresacs et the anchored ond of the 
ys wube in ite mervel position and wnder to siallest defornation ratio 
used, O.o25- «ho analisis showed thet aS sne point tio stross was 17,417 


nai, woich is wall anove the yield stren a: for the scftonedc condition 
| Por the niscar deformation ration used this Sicture would save been 
4,994 and [2,251 pai. : 
iv the tue had, in fact, ceen strassed be-ond ites -ield stronrth 
| iG soemed lccical that it vld nob raturn oxantl:' to its noeload 


Gi 


position in srane wien the load was renoved -- that s position snould 


-* - 
et ose 


rade of the cane 


chants with esxon loacdin«. “cls @ ok WAS 


( of mescuronens P in the unloaded, or 


soanoy of Ti. 


rleugral, po veonusa of the manmier in which deformations had 


peer avplied -= thas is, fi cative direction and thon in 


the cosibive and cack acain -- there hed been nc sTiden> tecossit~ for 
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takings roadin-s in the neujral sesition. Thoreforo it was necessary to 
obtain an aprroxiration to this position ty assumins that it lay half way 
between those Vor t..« nositive end the norative deformations. The readints 


va erdova', 2)! mii gh! etose for each deformation ratio were averaged end 
& BS a 


the resulss assumed to be the vesition of P for each ratio. A very dew 


finite “drittias™ of te point was indicatei, cearine ot the theory that 


inelastic bo-avior ‘.ai cacurras, 


cr 


it is wmfortunate that tice did net parnit reeruruiing ef the oexperi- 


amb wish a now toriel of differunt material. 
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i wera 3 
ac 4 t. ese vageeyst “Stee ctotip tie ini a tay ie aa? metho Gee tipon Sper. itty tne 
IMT PANE Pa GAS BiG etead wf aicountones vor moderato bend 
CLos '4 Lig Pactorr yy the use ar tui: for nodels is not without promise. 


Let .cG examine the diffiov.lties ay! Pailin-s encarmtered and aee how they 
nicht bea cvereme, “irst there is tno solel itaolf. It must be mall 
won} in erossesgeesion to be hendlod with a fair ancunt of ease, and it 
mupt oe msoinll enous: im overell pigs to be accommodnted within the exist= 
in  apparacis. These two requirements combine to demand a thinewalled 
Subae Jocatne of the difficulties attendant on berndins such a tube, the 
work should te dene by experienced nersonisl in a welleequinped shop; 
lies ani? uandrela must be of the exact gizn. ‘ivan under these conditions 
Shere will inovites)ly be a corteain amount of thinnin= of the tube wali 

at the outside of bends and a oorresnondin: thickeninz at the inside, Sut 
wais shoul?’ ve similar to conditions in vretotyps pipe whioh has been 
vente Tt snvild be noted too that there ig a ninimum limit to the radius 
wiich can be -raduced in any saxvionine tubs and thus to bends which can 
be simulate’. These limits ars tabvlated in such books as reference 12 , 
wiicn alse centains a jreat deal of other inforcnation on bending of pipe 
and tubos ‘Vellin- sibows, for example, can vorobably not be simulated 


with tubin:s, In any case, tne mateorial solecte’ for the model should have 


1] 
1 


Nadel duotiltty for ease of bendins oml a low sodulus of elasticity to 
nainimiza t).: actual reactions on the apparatuc. It should also be heat 
treata™le in order to obtain uriforn properties after installation of the 


| 
Fr 


endeplates. 8 '1¢e the end-platas shovld not have to be removed if pro- 


yerdy instelles inifiieally, the mirroremeuntinn barre] should be made in 


1? F| ¥ 4 ae _ t Ls - al ify Eley i ° ~s ca] VFL bE} 8 "t iim 
! " ru | a FF 1 ‘ *] . =] 77% aor a1 5,7 7 tie Poa | al "i 
* iG 4 ‘ % te os ta Le ts evOoe. 25 of 
i] 
a iball miter og Aft, eltiie Gwe tel ys at alastserty de him, 1% 


ena eng Ll’ oe Yent, cen te beatetreatead, atc is availabla in an extremely 
Wide: variot: of sises with: thin walins 

Sapposirn thal a satisfactory riolel were obtained and meunted, there 
would still remain the pessitility of stressin« it beyond its elastic 
Linit by apolyine deforaations which were too larte. (In the case in- 
vee*itated the maximum stress far deformation ratio 0.75 was extronely 
closo *o tie crield point evon for the hardened sondition of the material.) 
Jo nrior oalrclation of these stresses would ne possible, of course, de- 
esuse the forers ant moments causin them are the very raactions beint 
sorwit ov tis testae To reduce tie dancer of overstressing the model, 
Sein, 2b wotled sae eacw'sable Go use an extremely low initial deformation 
ragio, aclro for thos reactions, and, from them, for the maximum stressbe 
4e larcast possitlsa ceformaticn ratio usable without oxceedinge the 
eigastco Limit eould thor be ealoulated by multiplying the initial de- 
forseation ratio used sy the ratio of vield screncth to the maximum stress 
Coter.ined in the initial test (emplovin= sons aliteable safety factor )e 
Tt wich woll he, iowever, that the maximum allowable deformation ratio 
would ue so low that tny actual deformations woild be too gall to be 
determined with mug accuracy, but it igs not belioved that such would 
he true in 1055 CAsoSe 

In gswriary tho investizator feala wiat the method of accourtins for 
nend Cler bil’t: Pachors i the usa of Gubin- -odels is one which should 


not te overlocla? tb) pervcons interested in analyagin~ cirine flexibility. 
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APPENDIX I 
WODIFICATION OF EQUATIONS RELATING DEFLECTIONS TQ REACTIONS 
Consider the portion of the tube between the point of measurement 
P and the anchor as a oentilever beam under the influence only of a 


ehear force i. The slope of the resulting deflection ourve (10) is 


9, 2 . —Simas 
dx. G 


For vertical loadins the maximum shoar strese occurs in the horizontal 
plane of the neutral axis and is fiven to a rood approximation by the 


formula 
PS 


Tb 


max 


In the case of a tube, big 2t. Also 

Qs Di (r ginY) tr d¥ = 2 r% 
wnere Y is the an:<le between any radius line and the horigontal, 
measurod counterclockwise. Finally 


Bm, 
a _ 
t = 


~ 2 ( 1 sp) 


Substitutine into the slope equation ives 


2 : ou 
a. HL 2 (te )p*s 


a: EI 
STi) (I) (2b) 


Letsins = = 2(1 Spr’, we have 
as £F 
EI 
Interrating the slope from x = 0 to x = L, we arrive at the 


deflection at P due to shear, 


5 . && 


s ~ £BT 


In the experinents employins the tubular model, then, deflections 
read are the results of both bendins and shear. ‘ince Peusch's equations 
(Table 1) consider bending only, the deflections read must be decreased 
by that part of tuoss deflections due to shear. That is, 


D = D' -«- D whore 
n 


noe Hy 8 Ff 


D, is the deflection to be used in the equation; 
Dy is tha correasnondine deflection observed in the test; 


D 


n,6 +8 the correspondinr part of the observed deflection which is 


dug to shear. 
Not lot d 5 and § 5 he shear translations in tho y" and z" directions 
and 9,, @-, and @, be rotations about the x", y" and 2” axes, respsotively, 


due to shoar. Then for Equation 5 (Table 1): 
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Sinilarly for Eqiation 6: 


P ew LS i Ds) (61) 
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Shear foes sot arfect Py; trerefore Squation 7 is unaltered, 


“or Nquation 8s 


pee AO | E fo, <4,) ~ 0, <84) 
* L 3 | ol ai 
= Fe Fr ( Sos)" (s~ a Bo 


Sinil ri: it can be shown shat "quation 9 becomes: 


Ciel 
L* 3 : ’ 


It is assimed thet shear deflection in the prototvpe is nerlici 


ble 


because of its very larce ratio of lentth to diametor. All customary 


met).ods of aaalvsis mako this assumption, althouth the effreot can be 


incorporated in some anualsrtical treatments. 





APPENDIX II 


IALYSIG OF GPROUSAO LT POTN? A 
Gausider the souwlitioxs at Soo anchored end =f the tube (Point A) 


‘met - + eg qu 
eR UV teh Teas, 2 Gs 


O.83 applied. iy aspljin; the rroper acale 


faavers Ge Gin siueser solupion ve find ° viat one forcer and moments ate 


‘yt an the Guse wee an 2. Ligwee 
bey a“ =! / at 1 ft hive = =-19485. a! @ 1 fe 
are. Sel Mg iy a Gligt da, Lone 
. af 
my e-}',.. Jw 42 a s ned ey, aes 
fe cog Mest 2 nm mieten or Fe ere dae 44.09N ‘ka 
a! z 
in = : ¢ * ie —! 
7 ‘aj ae * i. a ae me = ‘ AF. oy j 
ast bs Tyo 7°) eg!" plane as shown in Fic. 6 (b). 
<3 oi * i. iH vie on * ae ibs ahi Ws, Seed reqs th a ] iy brs laws 4 = 1 
(rs me inl bes yeigaas ot, onl fey which is 
a _ 
at's = i ‘3 i! Gees 


agi. is toa yt «2! plane as shown in Fig, € (a). 


it cai tow le sewn thas the axes of Fp and Mp are fortuitously close 


eo sortie jnnl os. wor the gaa of simolic.ty tres will be considered 
exactly crthesonal and desienated «"tand 2"'as shows in Fis. 6 (c). Let 
us vieay Magus or atuenvion at thie point of intersection of the nersative 
Waris with the outbuide surface of thy tubee AS thie ocint the shear 


stress Cre to M, is zero, and the scrmal strese due to ip is 





= L73h0 pai. 


-he shear stress cue to i, ah the outside of tho tube is everywhers 





35 2 2: . ‘© 2120 psi. 


be (er wegre 


eractesioi.dn area af Gite 
Svine are “eet Se. aretiat Af Mehr atrole 


7a A MARICOM noms: CPrineipel) sureas ¢f J7217 


aie Glin if 4 litinar svoum, oc strestos st ple = 6.5 ul 1,75 


ahowild be two and tires times this mao, raspectively. 
Ts squablons used Lorein are ~alld only for elastic behavior. Since 
yinla soint of tle prage usod in the tubin’ aodel was only 11,000 pai, 
Shis point wan excasded, anc tls the quantitative 


requltiaa oi Teas AVSiS sorve onl; % Cf OV 0145 inelastia action must 


‘Ave! ceeUrrod.s 





APPENDIX ITI 
THE USE OF COIL SPRINGS TO SIMULATS PIPING *LeXIBILITY 
It is desired to tmow whether coil sprinss could roplece the bends 
of a solid ro! model to sinulate the bend flexitility behavior of a pipede 
In pipins the ratio of torsional risidit-: (referred to herein as T ) to 


flexural ri-idit’ in a bend (8) ie: 


tL, ol peeks toe 
i res 


Flex.cal risidit-: of a sprinz with wire of circular cross-section 
is [3}\: 
1 HIG 
GS = » wnere: 


nT r(2G4=) 


lp is the free length of wire, 


a3) 





Le i 


nis the total numver of turns of wire, 
r is the mean radius of tyne coil, and 
I is the moment of inortia of tna crossesection of the wire. 


The correspondin., torsional rizidity of such a spring is Toy: 


1 
~ gosta of sin 
wit GJ 


where “& is the anv~le of inclination of the coils to a circular section 
of the clinder on which the coil lies, “, I and J refer to the wire 
composin’ the sprinse 

To simplify the form of the ratio of the two rigidities, @ and7, 


we first reduce eact to the terms of ', I,a , and /#t as follows: 
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— = = 2 8eOau 
nr Nr 
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re oe a 
2(1 4) 
J ® 27] 


Ee 


Q ~ 2x2 _sooM EI 2(1 4m) - 2EI sock 
| Scie E | 2% Lh 
* 2(1gn) 4 


1 Bt 


cos“ ain? Xn S cos’& of (1 xy) gin’% 
6 EB 
2(1 xu) Ee) 








oe EZ 2ul sec (2 ZH) gos of 





S ~ cost # (1A) sin“ Bot JA 2 joo # (1 +n) sin“ee| 


Squatins this expression to the desired ratio and crossemultiplying 


we have 
ee GLAM) (2) cose (10) 
2 cosh + (1 #)A) sin’ 


For the cace of a steel sprins Jaa 0.3, and 
2299 cos of, | 
2 (oos"A 1.3 sin? ) 
Differertiatin= k with respect tom , 


i - 7.92 sind -~l1.7e4 sird ona oe 


a. 4 (cost £ 1.3 sin*t )2 


It cen be seen that within the conceivable range cio 's for a coll 


spring (0 to 3) k deoreases with increasing&, co that the maximum value 


of k which oan be realized would be with&= 0°. With svoh a spring, using 


equation (10), 


a9 


TABLE I 


HQUATIONS RELATING OBSERVID DEPLACTIONS TO REACTIONS 


RRACTION  ZOQUATION RAUCH 'S EQUATION MODIFIED 
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Westinghouse 


ELECTRIC CORPORATION 





STEAM DIVISIO WN TELEGRAPH ADDRESS 
WUX LESTER. PA. 


LESTER BRANCH P.O. 
. | PHILADELPHIA (3. PA. 
Lt. Peter H. Freeman, U.S.N. 
Box 1465, U.S. Naval Post 
Graduate School December 18, 1957 
Monterey, California 


Dear Lt. Freeman: 
subject:- Model of Corrugated Pipe. 


This is in reply to your letter of 
December 7 on the above subject. During the period 
from 1938 to 1945 we made several pipe line models for 
checking flexibility. These lines contained corrugated 
tangents. The relative torsional and lateral flexibility 
of these corrugated parts was simulated by use of slotted 
tubes as mentioned in the "Power" article referred to in 
your letter, 


Attached is a drawing of one of these slotted 
tubes with the expected values of I and J given at the 
bottom. I am not sure that the test values were exactly 
the same as the expected values, however, I feel quite sure 
that the relation of these two numbers was closely approxi- 
mated, either with the slots as shown or with a slight 
increase in depth of the same. 


We were never able to work out an analytical 
method for designing the slotted tubes, but instead used 
a "cuteand-try" approach to the problem. 


After obtaining a slotted tube with the desired 
relative flexibility, the remainder of the model of the 
pipe system is chosen in a manner to be compatible with 
the slotted tube which simulates the corrugated portion 
of the pipe system. 


Most of our piping systems have four or less 
anchor points. Such piping system can be readily analyzed 
by use of computing machines. Therefore, we have not used 
model testing for a number of years and have, therefore, 
no incentive for further developments in the type of 
problem in which you are interested. 


Very truly yours, 







. D,. Conrad, Sr. 
Asst. Mgr., Large Turb. Engre. 


you CAN BE SURE... iF i's Westinghouse 


attachment. 
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likewise falled to reach you and it is likely that you may wis to take steps 
te assure that you are not missing profitable business correspondence which ~ 
may be lost through cle bal er or or failure someplace along the line, 


I an writing a thesis at the U. &. Naval Post raduate School on the 
use of model test methods for analysing piping flexibility, maing use of 
a procedure desctibed by Lt. C. F. Rauch, Jr., in his thesis, " 

"U. S. Naval Postgraduate School, Monterey, California » dune 195% 
iy own purpose has been to explore methods. of simlating the extra flexibilit 
which short-radius thin-wall elbows introduce into a piping configuration 
Yor own contribution to the WAY Wiley= Kellogg book “Design of Piping 
Ssystems"r ef@ s on page’ | - 


| If you feel that 
—you can re ed: the nature @ these devises. I would greatly appreciate learn: 
wha tever you aw to cam nicate, If the devices are patented, I would appre 
cht e lew nh g the patent numbers, If there is ay published of literature 
de sor bim thm, I woudl appreciate rd‘erences to it. If you feel that you 
cannot revealt he nature or details of the devices, I would apprecaiet 
receiving Ww at ver ¢ format’on you are prepared to furnish you clients to 
assure themt hat the devices do actually perform the function they are 
sup osed to perform tg etier with calibmation curves or error estimates, ete 
This ppb Bm of sh ulating the extra flexibility of elbows is certainly 
a trouble ometh’ing and it is my own hntention to attempt to handle it by 
a ctual use @ t hin wall curved tubinge I should lie 9 ie able to discuss 1. 
my thesispre Vious atte pts, successful and unsuccessfu o simulate this 


a@xtra flexibil’ ty and certainly your ddd dsb LEL EM Ab bth own contributio 


d eserve to beme ntioned in as much detail as your reply to me will permit, 


y* re 1 he = , =T 

Pie * eset 8 ioe —F = + aisiisl Thy Ue dee, os. 
> a.) 2 : 

RD Le ) +o 


y =" 7. % oq ha impo Pa » BY " 
Sede HwGk Ese CPA eit. ,. 
meukavazy, Oblivcenia,. 

* ; Pel, is 

Bacombor 15, LS%j. 


EXC bias ve ana a 


In otuier to uersy out eaviain ouperimental work, To om at- 
taupe dey GS find suftabie thin-walitad wetal. tubing of cmall dacmsces, 
E would  epatetests yuur Zonwaréing ua a hist of your tublag sroducte. 
hres ing eutuics dianaters of ene-quartar inch or less. Please g£uraish 
Gata on wali thisenesses and totermmees, ond state prices, including 
nay discmmes fur votuac vries. 


Tha work £ im conteamlnting may involve making bends o 
Gniisaiely short tacit, And £ vould vacy sack appreciate Hi Snitoxe~ 


flu Fon con give me regarding techniques tnyolved in ucking such 
OTH. 


Eotts Vary Truly. 





TeTER H, PRAY 


Tube Turns 


A DlviSiION OF NATIONAL CYLINDER GAS COMPANY 


GENERAL OFFICES 
LOUISVILLE |, KENTUCKY 


PRODUCT ENGINEERING AND RESEARCH November 16: 1957 


Lte Peter He Freeman, UeSeNe 
UeSe Naval Post Graduate School 
PeOQ. BOX 165 

Monterey, Celifornia 


Dear Tjte Freeman: 


I have your letter of November 2, which was accompanied by a note from 
Professor Brock, and would very much like to help you with your problem, 
but am afraid that an accurate solution is just not in the cards with wire 
models; at least I cannot think of any way of accomplishing your object, 
despite the fact that I have been aware of the problem ever since The ie We 
Kellogg Company first went into model testinge However, as I recall, they 
were able to procure thin tubing with which they could simulate elbow prop- 
erties, at least in certain ranges, although very little of this type of 
model testing was carried out because of the relatively larze amount of 
time consumed in making modelse 


As an alternate, you may want to consider one of the following two 
approximate approaches: 


le Reduce the wire size at the elbows and bends so that the moment of 
inertia becomes 3/(1e3 + 2k) times that of the straight portions. 
This will produce about the same degree of approximation as the ana~ 
lytical method advanced in Tube Turns Piping Engineering Paper .05, 
to which I assume you have access through Professor Brock; if not, I 
will be glad to see that our Advertising Department sends you a copy. 


2e Make two model tests, one with a model of constant wire size which 
would wuiderestimate elbow flexibility, and a second with the wire 
size reduced at the elbows to give 1/k times the moment of inertia 
which would result in an overestimatee In the first model, the elbows 
would have the proper torsional flexibility, in the second, the proper 
bending flexibility. Your true result would be bracketed between the 
tio, and usually be somewhat closer to the results of the second teSte 


Finally, in answer to your direct question, we have no unpublished in- 
formation pertinent to your problems 


I assume you are aware of the attached paper by two of my colleasues,. 


It demonstrates, both, analytically and experimentally, that pressure has 
the effect of reducing elbow flexibility, particularly in relatively 
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Trio Torm 


Lt. Peter H. Freeman —2- November 18, 1957 


thin-wall assemblies where flexibility factors attain high values. As far 
as you are concerned, this means a reduction in the range of error in re- 
lation to the true behavior of a system under pressure resulting from the 
use of wire models or approximations of the type I have suggested. 


Very truly yours, 


TUBE TURNS 


el ee ee 


. Ae Re Ce Markl 
Research Consultant 
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ABSTRACT 


The flexibility and stress-intensification factors 
presently applied in piping flexibility analysis to account 
for the behavior of curved pipe in bending have been derived 
from theories and tests with no internal pressure, Fressure 
tends to reduce the effect of these factors but in smaller 
and relatively thick-wali piping, commonly used in the past, 
the effect is of a low order and may be neglected; in larger 
diameter relatively thin-wall piping the effect is pro- 
nounced and significant, 


Using strain-energy methods, the present paper develops 
a theory establishing the flexibility and stresses due to 
in-plane and out-of-plane bending including the effect of 
internal pressure, and proves its adequacy by means of care- 


fully conducted tests, In a final step, the complex theoretical 


formulas are reduced to a simple and readily usable approxi- 
mation, 


al 


EFFECT OF INTERNAL PRESSURE ON THE FLEXIBILITY AND 
STRESS INTENSIFICATION FACTORS OF CURVED 
PIPE OR WELDING ELBOWS 


By E. C. Rodabaugh and H. H. George 


It is generally mown that curved pipe subjected to 
bending is more flexible and has higher stresses than wuld 
be indisated by the elementary theory of bending. These 
characteristics of curved pipe are recognized in piping system 
flexibility caleulations by the use of "flexibility facters" 
ana "stress intensifisation féctors" which are simply the 
ratios of actual flexibility and stress tc these predicted by 
the elementary bending theory. 

Under the present rules of the American Standard Code 
for Pressure Piping (ASA B31.1-1955, Par. 621d) the flexibility 
factor and stress intensification factor are given by the 
formulas: 
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k * flexibility facter 
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1 = stress intensification facter | 

h = flexibility characteristic = = * (5) é) 

t = pipe wall thicimess, in. 

R » bend radius of curved pipe, in. 

r = mean cross sestion radius of curved pipe, in. 

The above formulas are based on theories and tests with- 
out internal pressure} however, consideration nas been given in 
the past to the effect cf internal pressure on these factors 


but 1t was gongluded that the effect -was negligible. Fer 
1 


relatively thick-wall pipe used at rather low stresses, this 
is true; however, the recent trend has been towards the in- 
creasing use of thin-wall pipe at high stresses and in such 
piping the effect of the internal pressure becomes significant. 

In the present paper, theoretical formulas including the 
effect of internal pressure are developed for flexibility and 
stress intensification factors; the development is given in 
Appendix I. In addition, considerable experimental work has 
been done to substantiate the theoretical developments and to 
conclusively demonstrate that internal pressure has a pronounced 
effect on the flexibility and stress intensification factors; 
this is described in Appendix II. 

The theoretical formulas developed in Appendix I are ex- 
tremely complex and not easily used by the practical piping 
engineer. It was found, however, that these complex theoretical 
formulas could be adequately approximated by the following 
readily usable formulas: 
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where 

= flexibility factor with internal pressure 

i, = stress intensification factor with internal pressure 
(Notes This factor does nt include the stress 
caused directly by internal pressure; it covers 
that due to bending only) 

S =P r/t = stress due to internal pressure in straight 
pipe, psi 

P = internal pressure, psi 
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LONG RADIUS ELBOWS 


FLEXIBLITY Factor, k 


STRESS INTENSFICATION FACTOR, | 





Fig.l Effect of pressure on flexibility Fig.2 Effect of pressure on stress- 

factors intensification factors 

E = modulus of elasticity of pipe BASOFARY 5 psi 

X, = function of r/t and R/r = 6 (=) ()” 

X, = function of r/t and R/r = 3.25 (= (= 

The effect of internal pressure on reducing the flexi- 
bility and stress intensification factors on a curved pipe is 
illustrated in Figures 1 and 2, respectively, The example 
covers long-radius welding elbows (R/r = 3) of r/t-ratios 
ranging from 3 to 50 and the range of internal pressures 
which produce up to 40,000 pei stress in steel pipe. When 
h is emall the effect of pressure is significant. For-example, 
without internal pressure a 2)" standard weight long-radius 
elbow (h = .09) has a flexibility factor of 17.5; with in- 
ternal pressure corresponding to a stress of 10,000 psi the 
flexibility factor drops to 13.3, and at 40,000 stress to 8.2, 
The stress intensification factor drops from 4,3 (S = 0) to 
3.1 (S = 10,000) and to 1.7 (S = 40,000), 

It is quite understandable that the effect of the internal 


preseure on thick-wall curved pipe was overlooked because, for 


Example: 


In using the nomograph, the left hand scale should be moved to the 
right approximately two inches, When published in Transactions the nomo- 
graph will be reproduced to correct scale, 


" 1300. Compute 8/E = 10,000/10,000,000 = 0.001. 


loo too 6 

| 8 60 

By Equation (3): k, = oe a ee | eo 
1+(0.001) (1300) & 

: me Ge 
By Equation (4): 1p = ae. Se < 


1+(0.001) (2000) 


¥ig.3 Nomograph for obtaining k, i, k, and 1, 


yalues of the characteristic h covered by thick-wall pipe the 
change in flexibility and stress intensification with usual 
pressures is of the same order as might occur due to commer- 
cial variation in pipe wall thickness, 

To provide the engineer with a means for readily cal- 
culating the factors, a simple nomograph is givén in Figure 3 
for obtaining k, i, X, and X; as defined in formulas /1]J, [2], 
[3] and(4J, respectively. 
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Example: 

, What are the flexibility and stress-intensi-: 
‘fication factors of an aluminum (E = 10,000,000) 
curved pipe with r/t = 40, R/r = 4 at (a) zero 
pressure; (b) a pressure of 250 psi corresponding 
‘to BS = Pr/t = 10,000 psi? 









lution: 

(a) Zero pressure, connect 4 on right side 
r soale with 40 on r/t scale. Read i = 4,2, 
= 16.5. 

(b) 250 psi, connect 4 on left side R/r scale 
aith 40 on r/t scale. Read Xi = 2000 and XxX; = 
300. Campute 8/E = 10,000/10,000,000 = 0.001. 


By Equation (3): k, = 16.5 =7 2} 
1+(0.001) (1300) 
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Yig.3 Nomograph for obtaining k, i, k, and i, 


values of the characteristic h covered by thick-wall pipe the 
change in flexibility and stress intensification with usual 
pressures is of the same order as might occur due to commer- 
cial variation in pipe wall thickness, 

To provide the engineer with a means for readily cal- 
culating the factors, a simple nomograph is givén in Figure 3 
for obtaining k, i, X, and X, as defined in formulas [1], [2], 

[3] and (lJ, respectively, 
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THEORETICAL DEVELOPMENT 
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Fig.4 LDllustrating the 
nomenclature 


Nomenclature 

Y = mean cross section radius of curved pipe, in. 

t = pipe wall thickness, in. 

R = bend radius of curved pipe, in. 

I # moment of inertia of pipe cross section =F rt, ie 

£ = modulus of elasticity, psi 

y @ Poisson's ratio 

‘Mo= applied moment, in-lb (Mj, in-plane; M., out-of-plane) 

U = energy per unit length of centerline of curved pipe, 1b 

P « internal pressure, psi 
{A subscript P denotes the value of a factor with internal pressure) 

5S = circumterential stress in straight pipe due to internal pressure = Pr/t, psi 

@= pipe bend arc, radians 

¢@ = circumferential location angle 

w = displacement of pipe wall, in, (w,, radial; w,, tangential) 

p = radius of curvature, in a plane perpendicular to a plane containing the 
bend radius, caused by an out-of-plane bending moment 

7 =Aaf for in-plane bending,» =R/p for out-of-plane bending 

AA increase in pipe cross sectional area, in.? 


A = tR |? Vi-v? « rfVi-v @ , flexibility characteristic 


w = PR?/ Ert = SR?/ Er*, parameter related to pressure 


k = flexibility factor 

i = etress intensification factor based on bending fatigue tests 

e = strain, (e,/ , longitudinal, e,, circumferential) 

&,° stress due to applied moment, psi (3_,, longitudinal; 6, , circumferential) 

Y = maximum circumferential stress intensification factor (y,, in-plane; 7 ,, 
out-of-plane) . 

B = maximum longitudinal stress intensification factor (84, in-plane,f,, out- 
of-plane) 


Introduction 

Theoretical studies of the flexibility and stress in- 
tensification factors of curved pipe began some 45 years ago 
with the work of Th. von Karman (1)*, who developed theo- 
retical formulas for in-plane bending of curved pipe without 
internal pressure, Vigness (2) developed a similar theory 
for the case of out-of-plane bending, A large amount of ex~ 
perimental work has been done which confirms their theoreti- 
cal developments, 

In 1947 Barthelemy (3) developed the theory for in-plane 
bending with internal pressure, This paper however, apparently 
escaped attention in this country, Clark, Gilroy and Reissner 
(4) aeveloped a theory from which the pressure effect could 
be deduced, Kafka and Dunn (5) have directly developed the 
theory and have run confirming experiments, 

None of the existing developments cover the case of out- 
of-plane bending nor have they developed simplified formulas 
which make the theory readily useabie by piping engineers, 


+Numbers in parenthesis refer to list of references following 
Appendix ITI. 


In the following, the theory is developed for both in-plane 
and out-of-plane bending, It is then shown that the complex 
theoretical formulas can be represented by comparatively 


simple formulas with adequate accuracy for purposes of practi- 


cal piping stress analysis, 





The effect of internal pressure can be obtained by a 
relatively simple extension of the energy methods used by von 
Karman and Vigness, Accordingly, we start with the basic 


energy equations developed by these authors, 


IN-PLANE BENDING 


27 om 
a) 0 
OUT-OF=PLANE BENDING 
ey 27 43 | 
UY: hE |B COSH + W,COSH +, Sin) ald ntedion | (Sa + £h)ae} . 6) 
e O 


Equations [5] and |6| give the elasti¢ energy stored in a 
unit. centerline length of curved pipe due to tangential dis- 
placements w, and radial displacements wm, ‘The assumption 
made for ite-plané tenéing™iss 
1 ee eT 


and for out-of-plane bending: 


i UD. eek eee eee neernenee nce sll 


With the further assumption of inextensibility in‘the 
transverse direction, which implies that w, = = dw,/d@, and 


substituting the trigometric series expressions for w,, equations 
[5] and [6] become: 
IN-PLANE BENDING 


ey = P P a | 
Y= She { (<4 Sinf + Cosd PAnsin £ND — Sind 2 20En cosent) ad : 


27 co 00 
t ral €) &n°a, cos eng +9214, cos end) ad oe @ « §] 
e . 
OUT-OF-PLANE BENDING 
Ue bh (GF Cosh +0OS Dh Cos2 nd + sing ¥2nb, sinend)rdp... +. 
de ; ; 


+ B( Sens, sinengd — > 2nby sin2nd)* dd}. -.- DD 


The first integral in equations[9]and[10] may be put in 
Fourier series form by use of trigonometric equivalents of the 
type: 

a 2 
Cos $ > a, sinend = 4 sind+ s 2@n 4Any, ) Sin(2nti)o 
=/ s/ 


Performing the indicated integrations in equations[9]} and 
DO, it follows that both equations [9] and [iQ become: 


Ue the Nr? +3170, + oO? + 4 Fo (l-20)-2epCn/(20-1N2N43) 
+ Ope) (2043) + BE Fe3(enr2n}}. av eevcvsdes se BS 
- 


where c, = a, = b3 4 = Look for in-plane bending}; 
7 = R/p for out-of-plane bending. 

When intérnal pressure is considered, the additional 
Work represented by the internal pressure P acting against 
the change in volume must be considered; per unit length of 
centerline, this is: 


LLP PLAs 6 ie ee OME HE RTO TVE RTE DW ROR SSH soo GB 


QA, the change in area of the curved pine cross section 


za an en 
AA« ${ (rrwJed- 4 rede : £{ (rm rm) te. \ ee keke kx bl 


The relation w, = - dm/d¢ is derived from the condition 
of inextensibility, dropping second and higher order terms, 
In the case of determining4 A, however, this is not sufféciently 
accurate, since the work done by the pressure is itself de- 
pendent upon second and higher order terms in 4A, Consider- 


ing second order terms, it can be shom thater 
co 7 
AA «—27 >_n*(4n&/) cy Seseevevneveeseanuvueeeevueaend0ege8e88 000 (a4) 
fe/ . 


In order to determine the values of the coefficients c_, 
we may differentiate U = Uy = Up with resnect to each c, and, 
by the principle of "least work", each of the resulting ex- 


pressions may be set equal to zero; thereby obtaining: 


$4 =0>3rn + (5 +6X% +247 Jo, — Cae ee eeseeeeeees 


RE 0-—£c,+(174 6000 + 4804 Jo, — Bly ev eeree 


tA = Q- ~G,eraer 7 en fans ie(ant-2n° $+ [en*(anti) ~e 25) 


a) Coe aah ae 


Equations [15] give a set of n linear equations with (n+1) 
unknown c's, By assuming that c,,, = 0, all constants may be 
evaluated, Since the c's all contain a factor of r7, it is 


convenient to introduce tne relution d, = ¢ /r7. 
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The minimized enercy U is then equated to work done by 


the bending moment: 


Upin = & “Br Skee eee emake REESE BASE CEMe we oe DE 


Flexibility Factor: 
Substituting the values of d, = ¢/r@ from equations [15] 


in equation [16] and solving for? : 


= FM [14 3a, + $b 744) Anl-20)"2 aby dpe, (2-1 NEF 3) + ne 2048)" 


+ Pe Dali (an*-eny +o S- 4nt(4n?-/) a] Se a 


The factor in brackets in equation [17] is the generalized 
formula for the flexibility factor k for both: in-plane and out- 


of-plane bending. It may be simiplified to the form: 


kazaa eeeer eee eee eer ee ere eres eeneveceese [if 


In the first approximation, for example, with c, and 


higher c, assumed zero, equation [15] gives: 


— = 3 * @ © » 8 @ 8 soe¢,—6f,mlUchhUClrh hhUc hUC hUCr ThUC lhUCU CU 
1= Spent easy mes eee [9 


and from equation [14 : 


/ OR dee: * ee @ @ °* 
Ne” FiGretraay) bs rox redy clean 


When P = 0, equation [20 reduces to the equations derived 
by von Karman (in-plane bending) and Vigness (out-of-plane 
bending). Equation 20, when P #0. is confirmed by the work 
of Kafka and Dumn for in=plane bending by substituting wy = 0 


ll 


in their equations, Note however, that the development herein 
includes the flexibility factor with internal pressure for 
out-ol-plane bending. It turns out that, as in the case with 
nero pressure, the flexibility factor for in-plane bending is 
the same as for out-of-plane bending, 
Stresses: 

The longitudinal strains on which equations [5] and (6]are 
based are: 


IN-PLANE BENDING 


Cy = B(A*rSING tWECOS PH +Wp SIND eee eeceeeeeee BD 
OUT-OF-PLANE BENDING 


Cr = (BE cose +we Cos d +w,.si7$ ) *seeeeeeeeeeeee [22] 


Circumferential strains at the outer and inner wall surface, 


for both in-plane and out-of-plane bending, are given by: 


toe * aebeaye (GH + Byte )o rece eercees 


The plus sign applies to the outside wall surface; minus to 


[23 


inside wall surface, 
Strains may be converted to stresses by the usual formas: 


ee CL) 


Swe aa (O, tH VEe) ere eerseserererereewe [25] 


Combining equations (21) through [25] along with equations 
[7] and [8] and noting that 7 = RMk/IE, the following equations 


for the stresses are obtained: 
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TR-PLANE BENDING 


aE Lb go\lr 32) 811 +s {on (+21) + apy; (ema} sintensijo* XP Seplen-ah)tesene 2a 


Smo Ether fe 4 For an-eascing + 24/+ 3g) sing + BF {ay (-2n)rapu nes) inten) #127 


OUT=OF=PLANE BENDING 


Smp* He fi cosh + $ ECG <2N)+ Ans; en+3) cos(2nt/)o =: *Bayentensin2n} 24) 
Sme® ane )e, (snk 2n)sn2ng +214 82) cos¢ + ¥D fe (/-20)t chy kenes)} cos(27¥/) sf 29) 


Stress intensification factors are obtained by dividing 
equations [26] through [29] by Mr/I, since these factors are the 
ratios of the curved pipe stress to the calculated stress by 
the ordinary beam theory; which stress is simply Mr/I, 

For example, the circumferential stress intensification 
factor for in-plane bending by a first approximation, from 


equation [27] is: 


a Aes Je 30) nc08 29 + of (14 3d) sing — --¢ onze}. iexewn x BO 


When P = 0, this equation reduces to that obtained by 
Gross (6)," based on von Karman's development. 
The longitudinal stress intensification factor for in- 


plane bending by a first approximation, from equation (24), iss 


Bat = rts fF SvAcos2g+(/+ 2%) sing — H-sin3 + sooo ee BI 


When P = 0 this equation reduces to that obtained by 
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Gross.’ When P # 0,2 = 0 and considering the midwall stress 


only, this equation gives 
: S/y) — — o/ Si | “ese © *®ee ® oes © © © * 8 
fen « ApS (it 3g) sing - $f sin3et 34 


Equation [32] is identical to that obtained by Kafka and 
Dunn with J =0, 

In this connection it might be noted that a number of 
previous papers on this subject give longitudinal stresses at 
the midwall of the pipe only. The longitudinal stresses at 
the inner and outer wall surface are affected by the cir- 


cumferential bending stresses as indicated by Fig. 8. 


Assumptions of Theory 
The theory is that of thin shells, wherein the wall 


thickness is assumed small compared to the radius of curvature, 
This assumption is generally true where the flexibility ahd 
stress factors are of importance, The theory assumes that 

the ratio R/r is large compared to unity, This is not true 

of welding elbows; however it has been shown, both theoretically 
(7) and experimentally, that even for R/r as small as 2, the 
theory is still of adequate accuracy. 

It is assumed that the curved pipe or elbow cross section 
is initially round, Slight deviations from roundness have no 
significant effect on *he theory as given herein, however, it 
might be noted that if a curved pipe or elbow is slightly out 


of round, application of pressure will produce rotation of the 





T Except for the factor (1 -2) which is omitted from von 


Karman's development, 
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elbow ends (if an elbow end is fre#) or end momente (if the 
elbow ends aré restrained). 

The results obtained herein theoretically apply to a 
curved: pipe of ahy bend arc.@%, Actually, the end effects of 
the attached pipe or flanges can have a pronounced effect for 
small bend arcs combined with small values of R/r, as shown 
experimentally by Pardue and Vigness (7). 

Convergence: 

In series type equations such as those given herein, it 
is necessary to know how many terms in the series must be used 
in order to obtain satisfactory accuracy, The rapidity of 
convergence of the series expressions for the various factors 
is not uniform convergence is fastest for the longitudinal 
stresses, followed by the flexibility factor and slowest for 
the cireumferential stresses, Since the circumferential stress 
is usually higher than the longitudinal stress, the number of 


terms required to obtain satisfactory accuracy of the circumfer- 
ential stress governs the degree of approximation required, 

In the case of zero pressure, the flexibility and stress 
intenstfication factors depend only uponA. Comparison af 
values by successive approximations indicates that the fellow- 


ing order of approximation is necessary for accuracy within 


about 10%: 
—eoetcs oF Appeeeiaation Under” 
A ____ Required 
5 and smaller lst 
a to .16 2nd 
ig to .08 3rd 


.06 to .Ol th 
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Fig.5 Series soluttons-for flexibility and stress- 
intensification factors, long-radius welding elbows 


With internal pressure, the series converge somewhat 
faster than indicated above; however, in general, for thin- 
wall, short-—bend-radius elbows a relatively high order of 
approximation is necessary for satisfactory accuracy of the 
circumferential stress intensification factor, 

Application of the series formulas to long-radius welding 
elbows (R/r = 3) is shown in Fig, 5. In caloulations for Fig. 
5, an attempt was made to obtain accuracy within about + 2%. 
It was necessary to use a fifth order approximation for A =,03 
to attdin this accuracy. 

Approximate Formulas: 

It will be apparent, in writing out equations 8, or [26] 

through 29, that expressions for the third or fourthorder ap- 
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proximation become quite lengthy and time consuming to apply. 
In the case of zero pressure, it was found graphically by 
Beskin (U) and later shown analytically by Clark and Reissner 


(9) that for values of A less than about .3, the flexibility 
and maximum stress intensification factors can be expressed 


by the following simple formulas: 


kK a. a (sce Ce Cee Cw ee CCR ERECT LESS ee BF 
| es <p 


where k, Y 45 75» are the flexibility factor, in-plane bend- 


% 


ing circumferential maximum stress intensification factor, and 
out-of-plane bending maximum circumferential stress intensifi- 
cation factor, respectively; all at zero pressure,’ 

The ASA B31,1 Code formula for k (Equation 1 herein) is 


simply equation B3] using the parameter h = tR/r* instead of 


a,» 1.8.! 
— umfe. « JF o* ~ «Aes 
Seana Sigma ae 


where U (Poisson's ratio) is taken as 0.3. 
The ASA B31.1 Code formula for i (Equation 2 herein) is 


approximately one-half of equation (3M), This is based on ex- 


+ The maximum longitudinal stress intensification factor is 
of less practical interest since it generally is smaller 
than the circumferential factor, For small valves of A = 
P = 0, the ratio of the maximum circumferential stress to 
the maximum longitudinal stress-is abeut two for in-plane 


bending and about one and one-half for out-of-plane bending, 
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tensive bending fatigue tests of elbows (10). It was found 
that, using the fatigue life of butt welded straight pipe as 
unity, the effective stress intensification factors of elbows 
in bending fatigue were about one-half of the theoretical value 
given by equations (3) and 35) 

The fatigue tests showed that the stress intensification 

factor for in-plane bending was slightly higher than for out- 
of-plane bending, as indicated by a comparison of equation Bo 
with equation 34); however, this difference is rather small for 
practical significance, Therefore, in the interest of sim- 
plicity, the higher i value is given in the fode for application 
to both in-plane and out-of-plane bending, 

The existence of simple asymptotic formulas for the 
flexibility and maximum stress factors without pressure 
suggested the possibility of similar formulas for these 
factors with pressure, Values of Ks Y e and 7 - were 
calculated by the series formulas over an anpropriate range 
of the variables S/E, r/t and R/r., In the case of ¥ ip? the 
maximum stress occurs at $= 0, In the case of 7 o,,- the 
maximum stress lies between 0 and 45°, its value and location 
was determined by plotting the results of calculations for vari- 
ous values of ¢ in this region, As is the case for zero 
pressure, the value of 7 | p was found generally tb be less 
than 7 ip: Accordingly, approximate formulas were developed 
for ky and 7 ip only. 

It was found that by plotting the following: 


=} and ¥- —/ 
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against the variables S/E, r/t and R/r on logarithmic coordi- 
nates that substantially straicht line relations held over the 
range of these variables likely to be encountered in Plping 
practice, i,e, S/E corresponding to stresses up to 40,000 psi 
in steel pipe; r/t up to 50 (2" Sch, 10 pipe) and R/r ¢from 


2 tooe, These plots then led to the approximate formlasyg 


k p= eRe a = 73 27a cee ee ee ee ee ww we [36 


Mp * 1# 3.25 SG) eT } me 


These formulas’ have been found to be within 10% of the 
theoretical results over the range of variables included where 
the equations (34), [34] and [35] are themselves accurate, In the 
regions where the approximate formulas are not in good agree- 
ment with theory, the flexibility and stress intensification 
factors are low and of lesser significance in practical piping 


applications. 


t More accurate formulas can be established, however, in* such 
formulas the exponent of S/E, instead of being unity, is a 
function of r/t, For practical piping work, the slight pain 


in accuracy is not believed to compensate for the resulting 


increase in complexity of the formulas. 


19 


Appendix II 
Comparison of Theory 
with Test Data 

Like many other developments in the field of theoretical 
applied mechanics, the theory presented herein is based on 4 
number of simplifying assumptions which enable a relatively 
simple solution to be obtained. Accordingly, it is desirable 
to check the theory with tests to make sure that the theoreti- 
cal development is of adequate accuracy. Numerous investi- 
gators have checked theory against test at zero pressure and 
found adequate agreement. The tests described herein, there- 
fore, are principally concerned with comparing the theoretical 
pressure effect with experimental results. 

Tests were run on a 30" outside diameter, .500" nominal 
wall welding elbow with a bend radius of 45". The average 
wall thickness of the elbow was .515" with a variation of 
+056", -.094". The outside diameter was 29.973" with a vari- 
ation of +.160", -.172". The elbow was made of a low alloy, 
high yield strength proprietary steel. 

Each end of the elbow was welded to 59" lengths of 30" 
outside diameter, ».500" nominal wall pipe purchased to API 
Standard 51X52. The open ends of these two pipe lengths were 
closed with 30" welding caps, with a flanged opening in one 
cap for access to inside strain gages. An overall view of the 
test assembly is shown in Fig. 4. 

In-plane bending moments were applied by means of a tie 
rod hinged to each cap with a turnbuckle in the tie rod as 


shown in Fig. 6. Loads were measured by SR-; strain gages on 
the tie rode The rotation of one end of the elbow with re- 


20 





Fig.6 Testing arrangement, 30-in. long-radius welding elbow 


spect to the other was measured by means of a framework attach- 
ed to the straight pipe with dial gages to measure relative 
movement; the framework can be seen in Fig. 6. In calculating 
the flexibility factor from these measurements, bending of the 
30" straight pipe was taken into consideration. 

The stress in the elbow wall was determined by means of 
SR-) strain gages placed around the circumference every 15° 
from crotch (¢ = -90°) to back (p = 90°), plus a check gage 
on the opposite side (@ = 180°). Strain gages were placed on 
both the inside and outside wall surfaces. 

The tests consisted of applying loads with the turnbuckle 
in the tie 12d in steps up to 30,000 lbs, measuring deformations 
and strains at each step. This was repeated at internal 
pressures of 0, 00, 800 and 1100 psi. Several runs were made 
for each pressure and the results averaged. Pressure was ap- 


plied with water and, subsequently, with nitrogen gas. Inside 
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Fizg.8 Variation of stress around circumference of an elbow 
of 30 in, OD, 0.515 in, average wall, 45 in. bend 
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strain gages were used with nitrogen gas only. 

The flexibility factors and maximum stress intensification 
factors obtained in these tests are shown in the top graph of 
Fig. 7- The pattern of stress around the circumference and its 
variation with pressure is shown in Fig. 6. 

Results of similar in-plane bending tests (5) on curved 
pipe with outside diameters of 3 to 34", wall thicknesses of 
.016 to .020" and bend radii of 10" to 1)4" are shown in the 
lower three graphs of Fig. 7. Circumferential stress intensi- 
fication factors were not reported in these tests. 

In general, the theory and tests are in adequate agree- 
ment. The fact that the tests and theory do not agree pre-e 
cisely is probably due in part to such experimental factors 
as non-uniform wall thickness and end effects. In addition, 
the theory itself is not precise as pointed out in Appendix I. 

It is interesting to note that the test results shown 
cover a wide range of curved pipe dimmsions. Agreement of 
theory and test is adequate for these dimensionally extremely 
different curved pipes. It is also of interest to note that 
the approximate equation [33] while not intended to apply for 
values of r/t much over 50, is still in adequate agreement with 
theory and tests for the curved pipe where r/t was as high as 
Sh. 
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RESIDENCE: MODEL TEST LABORATORY: 
83-12 35TH AVENUE POST OFFICE BOA 67 
JACKSON HEIGHTS 7z, N. Y. STELLA, NEBRASKA 
HAVEMEYVER 6-9611 TELEPHONE: £651 


April 19, 1958 


It. Peter H. Freeman 

Box 1465 

U. &. Naval Post Graduate School 
Monterey, California 


Dear Ié. Freeman: 


Please forgive me if I have seemed to neglect you. The past six 
months or more have been spent in first negotiating for the Model Testet; then 
dismantling it, and packing and shipping 15,000 pounds of equipment, and re- 
assembling mich of it at this end. As it was all done at my personal expense, 
it has been necessary to carry on 4 continuous sales and reorientation effort, 
as well as to maintain production schedules as far as poseible. Probably, at 
least one of your letters reposes in one of the two hundred or more boxes still 
unopened in my storeroon. 


The vagueness surrounding the description of the device for aimlat- 
ing the flexibility characteristics of curved members reflects the confusion of 
policy concerning revealment that existed at the time the Piping Manual was 
written. At that time, the Company was considering the possibility of obtain- 
ing new patents on the Model Test equipment, and a lot of experimental work 
was carried on. It was felt in some quarters that too many details had already 
been revealed, with the result that Chapter 6 of the Manual has scant resem- 
blance in tone or context to the one I originally wrote. 


Now that I am free of company affiliations, the possibility arises 
of obtaining a patent on the device myself; and, since it is very mich my own 
invention, it seems only fitting that I should at least write the first paper 
on it. However, if anyone wants to employ the pieces in their own model tests, 
I see no objection to supplying them on a guaranteed-to-work basis. I do not 
design them, however, from any theoretical equation, but from my own empirical 
curves, checking them experimentally before incorporating them in a model. 


The problem now is to design one that is adjustable through some 
reasonable range, so that each one doesn't have to be tallor-made for one 
specific representation, or, at least, so a fine adjustment can be made. 
However, when 4 shop is set up to make them quickly, obtaining different 
flexibilities is an almost negligible complication; except that, once one is 
built, it cannot be changed, even slightly. 
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None-the-less, this design represents a reasonably clear-cut answer 
to the reproduction of the flexibility characteristics of curved tubes in sélid 
rod models, in so far as the theory of this flexibility is valid. Dr. James £. 
Potter of Stevens Institute doesn't think the presently employed formulas are 
entirely valid; and I personally feel that a good deal of experimental work is 
in order all along the line. There is just a little bét of a tendency to over- 
emphasize what is known, utilizing it somewhat too complacently, while ignoring 
what is not known; though, of course, all engineering hae necessarily to be 
prosecuted, to some extent, on this thesis. 


I am in somewhat of a quandary as to how to reply to your request. 
Whereas I am quite naturally anxious to have the device mentioned favorably in 
your own or any paper on the subject, and have no desire to be secretive about 
it in any way (many people have seen it), I feel that a proper appraisal of it 
can hardly be expected without a detailed presentation whtch, recently, I haven': 
had time to prepare. Then, once the presentation is made, if I want to patent 
it, I have to do so within a limited time. If I can think of 4 way to resolve 
&ll these problems, I shall be happy to tell you all about it. It is really a 
very simple thing, easily made, and not nearly as profound a conseption as I 
make it sound. Maybe you can let me know when you plan to complete your thesis. 


Very truly yours, 


( L 
fala 
Tale C. Andr 





LCA /av 


Ed. Dony 
Commission de Recherches 
Tugauteries. Bruxelles.le 1 décembre 57. 


U. ees Be B. 


7 Cantersteen 
Bruxelles. 


Cher Monsieur +#reeman, 


Je vous remercie de votre lettre. 
Je n'ai malheureusement pas grand chose a dire sur le sujet. 


Nous avons traité le probléme d'une maniere différente,tous nos 
modéles réduits sont faits entiérement en tubes,aussi bien pour 
les parties droites que pour les courbes. 


Ces tubes sont choisis de telle maniere que le rapport:épaisseur, 
diamétre extérieur soit le méme pour le modéle réduit que pour 
la tuyauterie réelle. 


Nous disposons de tubes ayant des épaisseurs de 0,5 1 1,5 2 
et 2,5 mm ce qui nous permet d'étre trés pres des coefficients de 
flexibilité des coudes de la tuyauterie réelle et de ne pas devoir 


nous occuper de ce probléme,en ce qui concerne nos essais sur mode- 
les réduits. 


Je reste & votre entiére disposition et serai toujours trés heureux 
de correspondre avec vous. | 


Croyez,cher Monsieur Freeman & mes meilleurs sentiments 
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